REVISED TECHNIQUES ESTIMATING PEAK DISCHARGES ^----
For those readers who may prefer to use metric (International System) units rather than inch-pound units, the conversion factors for the terms used in this report are listed below. To obtain metric unit cubic meter per second meter kilometer 2. The measurement of channel width requires a site visit, preferably by a person with experience in the method, and involves appreciable measurement error.
3. Reliability of results from the equations for channel widths beyond the range of definition is unknown.
In spite of the limitations, the estimating equations derived in this study are considered to be as reliable as estimating equations based on basin and climatic variables. Because the two types of estimating equations are independent, results from each can be weighted inversely proportional to their variances and averaged. The weighted average estimate will have a variance less than either individual estimate. INTRODUCTION Reliable estimates of flood magnitudes for various recurrence intervals are essential for the economic design of bridges, culverts, and other structures located adjacent to streams. In addition, sound planning and land-use decisions for areas bordering streams require information about the flood potential of streams. Previous studies in Montana (Omang and others, 1983; Parrett and others, 1983) determined that measurements of channel width could be used to estimate peak discharges of various recurrence intervals with reasonably good accuracy. These studies were based on streamflow data through 1978 at 281 streamflow-gaging stations throughout Montana. By 1983, almost 100 additional stations had accumulated 10 or more years of record and all stations previously used had accumulated 5 more years of record. Accordingly, Omang and others (1986) updated the flood-frequency curves using data through 1983 at all stations having at least 10 years of record.
The purpose of this study was to develop new estimating equations based on channel width and the updated flood-frequency curves of Omang and others (1986) . This report presents the revised equations, compares them with the previously developed equations, and describes their limitations and reliability. Measurements of channel width were made at all gaging-station sites in Montana where 10 years of record became available in 1983 and where channel-geometry features were discernible, and at 43 sites outside of Montana but near the State border. These data, together with channel-geometry data collected prior to 1983 and the revised flood-frequency information through 1983, were used to develop new estimating equations that relate channel width to peak discharges of various recurrence intervals.
This report was prepared in cooperation with the Montana Department of Highways and the U.S. Bureau of Land Management. The streamf low-gaging stations used in this study were funded by the U.S. Geological Survey and various other Federal, State, and local agencies. DATA 
USED
Peak discharges for recurrence intervals of 2, 5, 10, 25, 50, and 100 years were computed by Omang and others (1986) using data from 361 streamflow-gaging stations having at least 10 years of record through 1983. Of these stations, 4 are in Canada, 7 are in Wyoming, 22 are in Idaho, 9 are in North Dakota, and 1 is in South Dakota. The peak discharges were computed using procedures recommended by the U.S. Water Resources Council (1981).
Channel-geometry features were measured by U.S. Geological Survey personnel at or near each gaging station used in the analysis. At stations used in the previous studies, measurements were made from 1978 through 1980. At all new sites, measurements were made in 1985. The locations of all streamflow-gaging stations where flood-peak characteristics were computed and channel geometry was measured for this analysis are shown in figure 1. The relevant information at the sites is listed in table 4 at the end of the report.
CHANNEL GEOMETRY
The channel-geometry features measured at all new sites in 1985 were activechannel width and bankfull width. At sites previously measured from 1978 through 1980, active-channel depth and bankfull depth were also measured, and the material comprising the channel bed and banks was described. Previous analyses of channel geometry indicated insignificant correlation between peak flow and channel depth or between peak flow and bed or bank material; therefore these features were not measured or included in the present analysis.
The active channel has been described by Osterkamp and Hedman (1977, p. 256) as "***a short-term geomorphic feature subject to change by prevailing discharges. The upper limit is defined by a break in the relatively steep bank slope of the active channel to a more gently sloping surface beyond the channel edge.
The break in slope normally coincides with the lower limit of permanent vegetation***. "
The bankfull-channel width was described by Riggs (1974) as the horizontal distance between the tops of the banks of the main channel. The top of the bank is defined as the place where the flood plain and the channel intersect and is usually distinguished by an abrupt change in slope from near-vertical to horizontal. This reference level is virtually the same as the bankfull stage for perennial streams described by Wolman (1955) as the stage at which overbank flooding occurs.
At most sites used in the analysis, suitable channel reaches for measuring both active-channel width and bankfull width were found at or near the gaging stations. Each width was measured twice, and usually three times at locations separated by at least one channel width, and the separate measurements were averaged to yield a single value for each width feature. At some locations the stream channels were deeply incised, and the bankfull channel could not be readily identified. Only active-channel width was determined at these sites.
REGRESSION ANALYSIS
Equations for the estimation of peak discharge for various recurrence intervals were developed from a simple regression analysis that relates the peak discharges to active-channel width and to bankfull width. As in previous studies, all data were converted to logarithms so that the regression equations were of the following form:
where Qm (dependent variable) is the peak discharge, in cubic feet per second, with a recurrence interval of m years; a is the regression constant; b is the regression coefficient; and W is either the active-channel width or the bankfull width, in feet. Separate equations that relate peak discharges with recurrence intervals of 2, 5, 10, 25, 50, and 100 years to active-channel width and to bankfull width were developed. The initial computations with each discharge were made with all sites in the study area included. The regression residuals (difference between actual peak discharges and computed peak discharges) from the initial computations were examined and used as a basis for separating the study area into the seven regions shown in figure 1.
Separate regression equations for each discharge were then developed for each region.
The boundaries for the regions were located on topographic divides or prominent geographic features where possible.
In addition, an attempt was made to locate the regional boundaries as close as possible to the regional boundaries used in the previous reports relating discharge to channel geometry.
Complete agreement was not possible, although the boundaries within Montana for the West, Northwest, North-Central, and Southwest Regions are virtually identical with regional boundaries shown in the report by Parrett and others (1983) . Likewise, the boundaries within Montana for the Southeast Region are virtually identical with the boundaries shown in the report by Omang and others (1983). The regional boundaries used in this study are also reasonably close to the regional boundaries used in the report by Omang and others (1986) relating peak discharges to basin and climatic characteristics. The physiographic and climatic descriptions of the regions as reported by Omang and others (1986) are considered to be applicable to the regions identified in this report.
DISCUSSION

Regression Results
The results of the regression analysis for each region are given in table 1. The standard error of estimate is the standard deviation of the residuals and is a measure of how well the regression equation fits the data. In general, the smaller the standard error, the closer the fit to the data and the more reliable the prediction equation. The coefficient of determination (r^) is a measure of the degree of linear association between the dependent variable (peak discharge) and the independent variable (channel width).
A coefficient of determination of 1.00 indicates a perfect linear correlation between the dependent and independent variables.
As indicated in table 1, the prediction equations for the 2-year flood peak, 5-year flood peak, and 10-year flood peak generally have the largest coefficients of determination and the smallest standard errors.
Conversely, the prediction equations for the 100-year flood peak generally have the smallest coefficients of determination and the smallest standard errors.
Notable exceptions occur in the non-mountainous regions (North-Central, East-Central, and Southeast), where prediction equations for the 2-year flood peak generally have the smallest coefficients of determination and the largest standard errors. In most regions, the equations based on active-channel width and the equations based on bankfull width have about the same standard errors. In the West Region, the equations based on bankfull width have standard errors that are slightly less than those based on active-channel width. In the East-Central Region the equations based on active-channel width have standard errors that are slightly smaller than those based on bankfull width.
Among regions, the equations appear to be more reliable in the mountainous western and southern parts of the State (West, Northwest, Southwest, and Upper Yellowstone Regions) than in the plains areas of the eastern and northern parts of the study area (North-Central, East-Central, and Southeast Regions). Peak flows in the plains regions commonly are the result of sporadic, intense thunderstorms and thus exhibit much larger variability than in the mountainous regions where peak flows are more commonly the result of snowmelt and large-scale frontal rainfall.
The differences in peak discharge estimation from region to region are illustrated in figures 2 through 4. The relationships between predicted peak discharge with a 5-year recurrence interval and widths, both active-channel and bankfull, are shown in figure 2. The slopes of these regression lines are about the same in all regions except the West and Southwest.
The regression lines for these two regions have the steepest slopes, and the equations yield the smallest estimates of the 5-year flood for widths less than about 30 feet. The trend is similar for the 25-year flood ( fig. 3 ), where the West and Southwest Regions have regression lines with the steepest slopes that yield substantially smaller estimates of 25-year peak discharge than the other regions for widths less than about 50 feet.
In addition, figure 3 shows that the Upper Yellowstone Region has the regression line with the flattest slope. In figure 4 , the regression lines for all regions except the Upper Yellowstone have about the same slope, but the West and Southwest Regions have lines that yield markedly smaller estimates of the 100-year flood for widths less than about 50 feet. The regression line for the Upper Yellowstone Region is significantly flatter than the regression line for any other region and yields the smallest estimates of the 100-year flood for widths larger than about 50 feet.
These figures indicate that, except for the Northwest Region and for small streams in the Upper Yellowstone Region, the channel width equations for the mountainous areas of Montana yield estimates of peak discharge for given channel widths and for recurrence intervals larger than 25 years that are consistently smaller than those for non-mountainous areas. The streams in the Northwest Region probably respond differently than other mountainous streams because the Northwest Region is susceptible to torrential rains originating in the Gulf of Mexico. As described by Parrett and Omang (1981), flood-frequency curves in the Northwest Region thus are particularly steep for recurrence intervals larger than about 50 years.
In the Upper Yellowstone Region, many of the smaller streams drain foothills and plains areas that are more like the Southeast or East-Central Plains than the more mountainous areas where the larger streams in the region originate. Flood-frequency curves for the larger streams thus are flatter than for many of the smaller streams where intense thunderstorms may result in very large flood peaks. 1.000 Figure 4.-Relations between 100-year flood and channel width.
Comparison With Previous Studies
Because of changes in regional boundaries, the equations developed for the Upper Yellowstone and East-Central Regions are not comparable to channel-geometry equations previously developed. The other regions are virtually the same as those used by Omang and others (1983) and by Parrett and others (1983); the newly developed equations for those regions together with the equations previously developed are given in table 2. The standard errors for the new equations are generally larger than the standard errors for the old equations in the Northwest Region. Conversely, the standard errors of the new equations are generally smaller than the standard errors of the old equations in the other regions. In the West Region, the standard errors of the new equations are about the same as those of the old equations. Although the new equations do not fit the data as well as the old equations in the Northwest Region, the new equations are believed to be more reliable because several different, more representative, gage sites were used in the present study.
In the other regions listed in table 2, the new equations are considered to be substantially more reliable than the old equations because of the generally smaller standard errors as well as the larger data base and longer period of record.
The percentage differences in predicted discharge between the old and new equations are illustrated in figures 5 through 7. In the West Region, the new equations yield larger estimates of peak discharge for all widths and for all recurrence intervals ( fig. 5 ). In the Northwest Region, the new equations yield larger estimates of peak discharge for all recurrence intervals for active-channel widths less than about 55 feet and for bankfull widths less than about 85 feet. For widths larger than these, the new equations for predicting peak discharges of 5-and 25-year recurrence intervals yield smaller values than the old equations. For the 100-year peak discharge, the equation using bankfull width gives larger results than the old equation for all widths, and the equation using active-channel width gives larger results for widths less than about 115 feet.
In the North-Central and Southeast Regions, the new equations provide larger predicted values of discharge for some recurrence intervals and widths and smaller predicted values of discharge for other recurrence intervals and widths ( fig. 6) . Overall, the new equations tend to predict larger values of discharge than the old equations in the North-Central Region and smaller values of discharge in the Southeast Region.
In the Southwest Region, the new equations yield slightly larger estimates of discharge for most recurrence intervals and widths ( fig. 7) . However, the percentage differences between the new and old equations are substantially smaller in this region than in any of the others.
Limitations and Reliability
Because regression analyses do not define actual physical relationships among variables, regression equations may not provide reliable results when the channel widths are outside the range of values used to develop the equations. For this study, the range of active-channel widths and bankfull widths used in each region is given in table 3. In particular, the reader is cautioned that using widths smaller than the minimum limits shown for the Northwest Region may lead to erroneous results. Smaller streams in the Northwest Region may not be affected so much by the large-scale frontal rainstorms as are the larger streams. Thus, floodfrequency curves for smaller streams in this region may be much flatter than for the larger streams, and the equations developed for the West Region may be more applicable in these instances than equations for the Northwest Region.
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Similarly, the equations developed for the Upper Yellowstone Region may yield erroneous results for small streams (active-channel widths less than about 15 feet) located in the mountainous areas near the Wyoming border and south and north of Livingston, Montana. None of the small-stream gaging sites used in the analysis were located in the more rugged, mountainous parts of this region, and the equations for the Southwest Region probably provide more accurate results for the smaller streams in these areas than equations for the Upper Yellowstone Region.
Meaningful relationships between channel width and discharge require stable conditions so that the channel is fully adjusted to the prevailing conditions of water and sediment discharge. The equations developed in this study thus may not be applicable to stream reaches having the following conditions:
1. Braided channels or channels with unstable banks. 2. Small streams that are entirely vegetated and have poorly defined channels. 3. Channels having exposed bedrock in the bed or banks. 4. Reaches having long pools or steep inclines. 5. Channels that have been widened by recent floods or otherwise altered by human activities. 6. Streams that have recently undergone changes in the streamflow regimen, such as the construction of upstream diversion or regulation structures. An additional constraint on the use of channel-geometry equations to estimate discharge is the requirement that the site be visited and the channel width measured. Properly identifying active-channel width or bankfull width requires training and experience. Even among individuals experienced in making channel-geometry measurements, the variability in measured widths can be large. Based on a test in Wyoming, Wahl (1977) reported that the standard error in computed discharge that could be attributed solely to measurement error could be as large as 30 percent. A comparison between independent measurements of active-channel width made by the authors and by Hammer (1981) of the U.S. Forest Service at 11 sites in the West Region indicates a similar measurement variability. In this instance, the standard error of computed 100-year discharge resulting from measurement error alone was 32 percent (0.137 log unit). As discussed by Wahl (1984), a truer indication of the total standard error, in log units, of estimated discharge at a specific site is the square root of the sums of the squares of the errors due to calibration (regression) and measurement. Using the standard error for the West Region for and active-channel width (table 2), the true standard error =7(0.253) 2 + (0.137) 2 (3) = 0.288 This corresponds to 74 percent compared to the regression error alone of 63 percent. The standard error due to measurement variability is expected to be somewhat larger in the regions in eastern Montana where streamflows are more erratic and channel features consequently are not so well defined as in the West Region.
Despite the limitations associated with the channel-geometry equations, the equations described in this report are considered to be as reliable as the equations recently developed by Omang and others (1986) using basin and climatic variables. Although the error of measurement may be larger for channel width than for mapped basin or climatic variables, the site visits needed to measure channel width commonly indicate hydrologic or geologic anomalies of the stream that would invalidate the application of basin equations. In this respect, the requirement for a site visit is a positive feature of the channel-geometry equations.
An additional advantage to having estimating equations based on channel geometry as well as estimating equations based on basin and climatic variables is that each technique is presumed to be independent from the other. Each technique thus can be used to check results from the other, and results from each technique can be weighted inversely proportional to their variances and averaged to yield a single estimate that should be more reliable than either individual estimate. According to the U.S. Water Resources Council (1981), a weighted average of two independent estimates can be obtained from the following:
where z is the weighted average estimate, x and y are the estimates made from two independent techniques, and SE X and SEy are the standard errors of the two independent techniques expressed in log units. The standard error of the weighted average estimate (SE Z ) can be determined as follows:
Because of a substantially expanded data base, additional period of record at data sites used in previous analyses, and revised flood-frequency curves, new regression equations that relate channel width to flood peaks were developed for seven regions in Montana. Five of the regions are virtually identical with regions used in the previous studies. The new regression equations that use active-channel width as the independent variable have standard errors of estimate ranging from 30 to 87 percent. The new equations that use bankfull width as the independent variable have standard errors of estimate ranging from 34 to 92 percent. The prediction equations for the 2-year flood, 5-year flood, and the 10-year flood generally had the smallest standard errors, whereas the prediction equations for the 100-year flood had the largest standard errors. Equations for those regions composed of the mountainous areas of the State (West, Northwest, Upper Yellowstone, and Southwest) generally had smaller standard errors than equations for the flatter, plains areas of the State (North-Central, East-Central, and Southeast Regions). For any given recurrence interval and channel width, the equations for the West and Southwest Regions yielded smaller peak discharges than equations for any other region.
Compared with equations previously developed, the new equations had substantially smaller standard errors in three regions and substantially larger standard errors in one region.
In one region, the standard errors for the new equations are about the same as for the old equations. Comparisons could not be made in the two regions where boundaries were different from those used in previous studies. In the two regions where the standard errors of the new equations are the same or larger (West and Northwest Regions), the new equations yield substantially larger peak discharges for most recurrence intervals and widths. In the other regions, the new equations yield larger discharges for some recurrence intervals and widths and smaller discharges for other recurrence intervals and widths, compared to the old equations. In all regions, the new equations are considered to be more reliable than the old equations, largely because of the larger data base and longer period of record.
The standard error of prediction at a specific site is greater than the standard error of the estimating equation because of uncertainty in defining channel width at the site. The standard error of width measurements has been shown to be about 32 percent for streams in the West region. Combining this with a typical standard error of the estimating equation of 63 percent gives a total standard error of prediction of 74 percent.
The equations for predicting peak discharge using channel width are considered to be as reliable as the equations using basin and climatic variables because the site visits needed for the channel-geometry method commonly indicate hydrologic or geologic anomalies that may significantly affect discharge. Because the estimates from equations based on channel width are presumed to be independent from those based on basin and climatic variables, the two can be weighted inversely proportional to their variances and averaged to yield a weighted estimate that should be more reliable than either individual estimate. 
